Titanium dioxide (TiO 2 ) is considered to be a non-fibrogenic dust and is widely used as a negative control in experimental studies. This may be because the initial inflammation caused by exposure resolves. Resolution of inflammation has been demonstrated to be related to neutrophil apoptosis. This study has examined the inflammatory reaction of the lung to intratracheal instillation of TiO 2 and the occurrence of neutrophil apoptosis compared with the reaction to the same dose of silica. Specific pathogen-free Wistar rats were used. Forty rats were intratracheally instilled with either 2.5 mg/0.5 ml TiO 2 or the same dose of Min-U-Sil 5 silica. At 1, 2, 3 and 5 days after instillation, five rats in each group were randomly selected, killed and lavaged. The lavage fluid obtained was used to prepare slides. Apoptotic neutrophils were counted and the proportion of apoptotic neutrophils to total neutrophils was calculated. A significant percentage of apoptotic neutrophils was detected in the TiO 2 -instilled group 1 day after instillation, peaking 3 days after exposure and disappearing at the 5 day point. In the silica-instilled group there was a delay in the emergence of apoptotic neutrophils. The inflammation in the silica-instilled group persisted, while that in the TiO 2 -instilled group resolved. It is concluded that intratracheal instillation of TiO 2 can cause a rapid apoptotic reaction in alveolar neutrophils and neutrophil apoptosis may contribute to resolution of the TiO 2 -induced inflammation.
INTRODUCTION
Titanium dioxide (TiO 2 ) is considered to be a nonfibrogenic dust and is widely used as a negative control in experimental studies on the toxicity of particles. It has been demonstrated that TiO 2 , similarly to other insoluble particles, can persist in the lung for a long period of time (Driscoll et al., 1997; Oberdörster et al., 1997) . Low doses of TiO 2 failed to induce inflammation 15 months after exposure, whereas the same dose of silica induced persistent inflammation (Driscoll et al., 1997) . Indeed, it is well known that TiO 2 exposure does not cause persistent inflammation and fibrosis in experimental studies.
It is interesting that TiO 2 particles, as foreign substances, can persist in the lung but do not cause significant harmful effects if the dose is not very high. The reaction of the lung to TiO 2 exposure in the early stages may involve an inflammatory response which may decline via a mechanism of resolution without obvious injury to the lung. Resolution of inflammation has been demonstrated to be related to neutrophil apoptosis (Cox et al., 1995; Cox, 1996) . We have previously shown that silica-induced apoptosis is delayed relative to lipopolysaccharideinduced apoptosis (Leigh et al., 1998) . Delayed neutrophil apoptosis may contribute not only to the persistence of acute inflammation, but also to the evolution of fibrosis. In this paper the inflammatory reaction of lung to intratracheal instillation of TiO 2 and the occurrence of neutrophil apoptosis is examined. These events are compared with those induced by the same dose of silica to examine if there are any differences between the two dusts.
MATERIALS AND METHODS

Animals and dust suspensions
Specific pathogen-free male Wistar rats were used for this experiment. The body weights of the rats were between 350 and 370 g. They were purchased from the animal breeding facility of The University of New South Wales (Little Bay, NSW) and held in presterilized cages in the animal holding facility of the National Institute of Occupational Health and Safety. Sterilized food and water were supplied ad libitum. The light in the animal house was on a 12/12 h on/off cycle. Experimental protocols involving rats were in accordance with the University of Sydney regulations and approved by The Animal Care Ethics Committee (ACEC) of The University of Sydney (ACEC no. WOR/7-95/2/2182). Forty of the rats were randomly distributed into two groups (each of 20).
TiO 2 dust was purchased from Sigma Chemical Co. (St Louis, MO) (particle size range 0.5-6 µm, 99% <5 µm). Min-U-Sil 5 silica was obtained from Silica Corp. (Berkeley Springs, WV) (particle size range 0.6-8.0 µm, 98% <5 µm diameter, purity 99.5% α-quartz by X-ray diffraction). The dust was suspended in saline, sterilized by autoclaving and vortexed before injection. The preparation was free of endotoxin.
Intratracheal instillation
The rats were anaesthetized by i.p. injection of a mixture of ketamine (100 mg/kg) and xylazine (3.3 mg/kg; Sigma Chemical Co.). Before use, the chemicals were dissolved in saline and sterilized by filtration. Intratracheal instillation was performed by a procedure of tracheal exposure. After shaving, the skin in the ventral aspect of the neck was incised at the midline. The trachea was exposed by blunt dissection. Using a 1 ml disposable syringe with a 26 gauge needle, the rats were intratracheally instilled with either 2.5 mg/0.5 ml TiO 2 or the same amount of Min-U-Sil 5 silica. The incision was sutured with interrupted silk sutures immediately after injection and the rat was kept in a 30°C incubator until it regained consciousness.
Bronchoalveolar lavage (BAL)
At 1, 2, 3 and 5 days after instillation, five rats in each group were randomly selected, killed and lavaged. At each time point, randomly selected rats were anaesthetized with an i.p. injection of 75 mg/kg pentobarbital. Laparotomy was performed and the abdominal aorta was exposed. The rats were killed by transection of the aorta.
After death, an incision was made in the neck region and the trachea was exposed by trimming of the surrounding tissue. A piece of suture thread was passed under the exposed trachea. A small opening was made by cutting in a lengthwise direction just below the larynx and in a transverse direction just below and connected to the lengthwise incision. An 18 gauge needle in plastic tubing was placed in the opening and pushed through the trachea towards the lung. The needle was secured in place with the thread by ligation. A 5 ml volume of phosphatebuffered saline (PBS) was injected into the needle with a 5 ml syringe for lavage. The injection process was finished within 1 min and the fluid was kept in the lung for an additional 1 min. The withdrawal process was also finished in 1 min. In total, two aliquots of 5 ml of PBS were used for lavage of each rat. The recovered fluid from each rat was pooled and the volume recorded. The recovered volume of BAL fluid was between 9.0 and 9.7 ml and no significant difference could be detected among the different groups of rats in the recovered volume in each experiment.
Counting of BAL fluid cells
The total cell number was counted with a haemocytometer. A 50 µl volume of obtained lavage fluid was transferred to a plastic vial and mixed with the same amount of trypan blue solution (Sigma Chemical Co.). The well-mixed fluid was then transferred to a haemocytometer and BAL fluid cells were counted under a microscope.
Slide preparation and staining
A 100 µl volume of the BAL fluid was placed on a slide by cytospin centrifugation immediately after lavage (600 r.p.m. for 5 min; Shandon, USA). At least two slides were prepared from each rat and stained with Diff-Quik (Laboratory Aids, Narrabeen, Australia). The interval between death of the rat to placement of BAL fluid on slides was ∼15 min.
Differential counting
The slides were read under oil immersion (×1000). Five hundred leukocytes were counted to determine the frequency of different types of cells by their morphology.
Identification of apoptosis
The slides were blind coded before scoring of apoptotic leukocytes. A minimum of 1000 leucocytes were counted for the occurrence of cells with apoptotic features. A minimum of 500 neutrophils were counted to determine the percentage of apoptotic neutrophils. Apoptotic features included formation of condensed chromatin bodies with sharp edges and convolution of the cell surface (Newman et al., 1982; Savill et al., 1989) .
Histopathology
After lavage, the lung tissue was fixed with 10% neutral formalin by inflation. At least 48 h after fixation, the lung tissue was sectioned after embedding in paraffin. The sections were stained with haematoxylin and eosin (HE) and examined microscopically for pathological changes under oil immersion.
Statistical analysis
Indices are expressed as means ± SE. The software packages used were Instat 2 and Prism. 
RESULTS
Inflammatory reaction
Inflammatory reactions were detected in both groups 1 day after dust instillation. Silica dust induced a strong inflammation, as indicated by a higher percentage of neutrophils in BAL fluid. The inflammation persisted in the silica-instilled group over the whole experimental period and showed a consistently higher percentage of neutrophils in BAL fluid cells compared with the TiO 2 group (Fig. 1) . In the TiO 2 -instilled group dust-induced inflammation appeared with rapid onset and gradual decline, characterized by a decrease in neutrophil percentage in BAL fluid cells (Fig. 1) . The percentage of alveolar macrophages gradually increased in the TiO 2 group, but not in the silica group (Fig. 2) .
Apoptotic reaction in BAL fluid neutrophils
A significant percentage of apoptotic neutrophils was detected (Fig. 3) in the TiO 2 -instilled group 1 day after instillation, peaking 3 days after exposure and disappearing at the 5 day time point. In the silicainstilled group there was a delay in the emergence of apoptotic neutrophils (Fig. 3) .
Lung tissue reaction
In the TiO 2 -instilled group a mild inflammatory reaction could be seen 1 day after instillation. The inflammation gradually disappeared and granulomata could not be detected in the TiO 2 -instilled rats. In the silica-instilled group strong inflammatory reactions could be detected 1 day after instillation and the inflammation persisted throughout the 5 day experimental period. A few primary granulomata could be identified 5 days after exposure .
DISCUSSION AND CONCLUSION
The data presented herein demonstrate that low dose TiO 2 -induced inflammation can resolve and infiltrating neutrophils in BAL fluid do eventually disappear. The apoptosis of neutrophils in BAL fluid from TiO 2 -exposed rats developed and peaked much more quickly than was the case with silica-exposed rats. This is an indication that inflammation induced by TiO 2 can resolve via apoptosis of neutrophils. TiO 2 particles were identified in alveolar macrophages and lung tissue 5 days post-instillation when neutrophil infiltration had mostly cleared, indicating that resolution is not attributable to dust clearance. With the rapid development of neutrophil apoptosis, the inflammatory reaction in lung tissue of TiO 2 -instilled rats was able to be resolved without granuloma formation. Thus, the absence of granuloma formation may be an important factor in the wellknown inability of TiO 2 to produce pulmonary fibrosis.
The same dose of silica dust, in contrast, induced rapid inflammation, which persisted and was followed by granulomata. Neutrophil apoptosis in BAL fluid of silica-exposed rats was evident only at low levels during the 5 day experimental period, confirming that This study has demonstrated that TiO 2 dust, as a foreign substance, initially causes an acute inflammatory reaction when intratracheally instilled and that the inflammation is eventually resolved, probably through neutrophil apoptosis. The dust can remain in the lung without any further obvious reac- tion by the lung tissue. This further stresses the importance of chronic inflammation in the development of pulmonary fibrosis. According to current knowledge, most fibrotic diseases are the outcome of irresolvable inflammation. A failure of neutrophil apoptosis may be a common feature of irresolvable inflammation and initiation of fibrosis.
